Contour generation by wavefront reconstruction by Haines, K. A. & Hildebrand, B. P.
Volume 19, number i P H Y S I C S  L E T T E R S  15 September 1965 
C O N T O U R  G E N E R A T I O N  BY W A V E F R O N T  R E C O N S T R U C T I O N  
K. HAINES and B. P.  HILDEBRAND 
Institute of Science and Technology, The university of Michigan, 
Ann Arbor, Michigan 48107, USA 
Received 5 August 1965 
The wavefront  r econs t ruc t i on  technique,  f i r s t  
p r o p o s e d  by Gabor  [1] and l a t e r  re f ined  by E. N. 
Le i th  and  J. Upatn ieks  [2] p r o v i d e s  a method fo r  
s t o r i n g  t h r e e - d i m e n s i o n a l  in format ion  on a two-  
d imens iona l  s t o r a g e  su r face .  The s t o r a g e  i s  
a c c o m p l i s h e d  by r e c o r d i n g  the  i n t e r f e r e n c e  
p a t t e r n  of a r e f e r e n c e  wave of coheren t  mono-  
c h r o m a t i c  l ight  with the  s c a t t e r e d  l ight  f rom the 
t h r e e - d i m e n s i o n a l  object .  Thus,  the  pho tograph ic  
p la t e  c o n t a i n s  a g r a t i n g - l i k e  s t r u c t u r e  embodying 
both p h a s e  and ampl i tude  in fo rmat ion  about the  
object .  The in fo rmat ion  is  r e t r i e v e d  by i l l u m i -  
nat ing the  deve loped  p l a t e  with coheren t  mono-  
c h r o m a t i c  l ight .  The s t r u c t u r e  on the p la te  ac t s  
l ike  a d i f f r ac t ion  gra t ing .  The f i r s t  o r d e r  d i f -  
f r ac t ion  t e r m s  r e c o n s t r u c t  the  t h r e e - d i m e n s i o n a l  
objec t  with g r e a t  f ide l i ty .  One of t h e s e  t e r m s  
p r o d u c e s  a t r u e  image  while  the  o the r  r econ -  
s t r u c t s  a p seudoscop ic  image .  The t r u e  i m a g e  
r e v e a l s  a l l  the  t h r e e - d i m e n s i o n a l  p r o p e r t i e s  
n o r m a l l y  a t t r i bu t ed  to  the  r ea l  wor ld .  In add i -  
t ion,  magni f ica t ion  of the  i m a g e  may  be  ach ieved  
[3]. 
A p o s s i b l e  app l i ca t ion  of th i s  p r o c e s s  i s  in 
the  t h r e e - d i m e n s i o n a l  mapping of t e r r a i n  o r  of 
m o d e l s  of c e r t a i n  manufac tu red  goods.  In such 
an app l i ca t ion  the addi t ion  of cons tant  depth con-  
t ou r  l i ne s  on the i m a g e  would be e x t r e m e l y  u s e -  
ful. This  may  be  done by making  an analogy with 
r a d a r  theory .  
A h o l o g r a m  may  be l ikened  to a r a d a r  s y s t e m  
where  the photographic  p l a t e  c o r r e s p o n d s  to a 
t w o - d i m e n s i o n a l  phased  a r r a y  antenna.  Such an 
antenna has  a depth of focus  a s s o c i a t e d  with i t  
jus t  a s  has  the  ho log ram.  This  depth of focus  i s  
an i n v e r s e  function of the  a p e r t u r e  s i ze .  In r a d a r  
p r a c t i c e ,  however ,  a much g r e a t e r  depth o r  
r ange  r e so lu t i on  i s  ach ieved  by broadbanding  the 
i l lumina t ing  s ignal .  This  technique  f r o m  r a d a r  
t h e o r y  may  be  b o r r o w e d  to p rov ide  a f i ne r  depth 
m e a s u r e m e n t  than i s  ob ta inable  f rom the  a p e r -  
t u r e  a lone.  In fact ,  if the  r ight  kind of b r o a d -  
banding i s  used ,  con tours  of cons tant  depth may  
be  obta ined on the  image .  To ach ieve  th is  effect  
the  i l lumina t ing  s o u r c e  mus t  cons i s t  of two d i s -  
t inc t  f r equenc ies .  
R a d a r  t heo ry  p r e d i c t s  that  the  s ignal  r e tu rn  
will  have a spec i f ic  shape  known a s  the  a m b i -  
guity function of the  t r a n s m i t t e d  s ignal  [4]. If the  
s ignal  i s  the  sum of two continuous waves  at  d i f -  
f e ren t  f r equenc ie s ,  the  ambigu i ty  function i s  a 
p e r i o d i c  function at the  d i f f e rence  f requency.  In 
t e r m s  of the  wavefront  r econs t ruc t i on ,  t h e r e  
wil l  be  f r i nges  on the  image .  A c losed  f r inge  in-  
d i ca t e s  a contour  of constant  range  f r o m  the 
viewing point  to the  object .  The range  d i s t ance  
be tween f r inges  is  a wel l -known e x p r e s s i o n  used  
in r a d a r ,  ~ = A f / f 2  = ~2/A~, where  A f  = f r e -  
quency d i f fe rence ,  and f = a v e r a g e  f requency.  
As  an example ,  suppose  the  depth i n t e rva l  b e -  
tween f r i nges  is  r e q u i r e d  to be  one mm.  Then, 
if the  wavelength of the  l ight  is  6328 A, the  wave-  
length  s e p a r a t i o n  mus t  be a p p r o x i m a t e l y  4 A. 
F o r  c o a r s e r  f r inge  spac ing  the wavelength s e p a -  
r a t ion  b e c o m e s  s m a l l e r .  L a s e r  technology has  
advanced  to  the  s t a t e  where  s e v e r a l  f r equenc ie s  
a r e  now ava i lab le .  Thus th is  method be c ome s  
qui te  p r a c t i c a l .  
A s imp le  opt ica l  explanat ion of the  effect  d e s -  
c r i b e d  above i s  a s  fol lows.  The two f requency  
i l lumina t ion  p r o d u c e s  two i n t e r f e r e n c e  p a t t e r n s  
on the  photographic  p la te .  Tha t  i s ,  two holo-  
g r a m s  a r e  made  s imul taneous ly .  The deve loped  
p la te  i s  then i l l umina ted  with l ight  at a s ingle  
f requency.  Thus two i m a g e s  a r e  f o r m e d  due to 
the  two ho log rams .  However ,  one image  is  
magni f i ed  by an amount  d i f fe ren t  than the o ther ,  
s i nce  magni f ica t ion  depends  upon the r a t i o  of the  
f r equency  of the r e c o n s t r u c t i o n  s o u r c e  to the  
f requency  of r e c o r d i n g  the s o u r c e  [3]. Since 
depth magni f i ca t ion  is  the  squa re  of the  l a t e r a l  
magni f ica t ion ,  the  d i s t ance  between iden t i ca l  
po in ts  in the  two i m a g e s  b e c o m e s  a function of 
depth.  Light  f rom the two poin ts  i n t e r f e r e s  
e i the r  d e s t r u c t i v e l y  o r  c o n s t r u c t i v e l y  depending 
upon the d i s t ance  be tween them. Thus at  a p a r -  
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t i cu l a r  depth or  range,  a br ight  contour  becomes  
v is ib le .  The next f r inge  indicates  a contour  at a 
different  range.  If the equat ions a r e  worked out 
on this  optical bas i s ,  the express ion  for  range  
separa t ion  between f r inges  is  ident ical  to that 
quoted f rom r ada r  theory.  
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In the p re sen t  communica t ion  we wish to r e -  
por t  the successfu l  appl icat ion of light sca t te r ing  
to the m e a s u r e m e n t  of the e lec t ron  t e m p e r a t u r e  
in a l a rge  theta-pinch.  
During the las t  two y e a r s  th is  new diagnost ic  
method has proved to be ve ry  powerful ,  and 
con t r a ry  to other  methods it  y ie lds  local  p l a s m a  
p a r a m e t e r s  without d i s turb ing  the p lasma.  Af ter  
developing th is  method in a smal l  pinch [1] and 
applying it  to a somewhat  l a r g e r  one [2], it  is  
now used  for  the inves t igat ion of the megajoule  
t h e t a - p ~ c h  ( Isar  I) at Garching.  
The data of this  pinch shal l  be given e l se -  
where. Fo r  the observa t ion  of the sca t t e red  
radia t ion the coil  has in the middle  a conical  
hole with a d i ame te r  of 6 m m  at the i nne r  s u r -  
face of the coil.  The light source  is  a ruby l a s e r  
of the Raytheon Company. It i s  Q-swi tched by 
means  of a Pocke ls  cel l  and is  operated at an 
output between 100 and 200 MW with a pu l se  
length of about 40 nsec.  By means  of a te lescopic  
sys t em the l a s e r  beam is focused along the axis  
of the d i scharge  tube,  and has a spot d i a m e t e r  of 
5 m m  at the observed  p l a s m a  volume. With th is  
a r r a n g e m e n t  the sca t t e red  radia t ion is  observed 
at r ight  angles  to the incident  beam.  
The f o r m e r l y  used  m e a s u r i n g  a r r a n g e m e n t  
[ 1] was developed fu r the r  and cons ide rab ly  i m -  
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proved. The ma in  pa r t  is  a monochromator  in 
Li t t row mounting,  equipped with a mul t ip le  exit 
s l i t  of g lass  f ibe r s  developed by E. Glock [3]. 
One of these  f iber  s l i t s  is  used as en t rance  s l i t ,  
whereas  the other  ones s e r ve  in the usua l  m a n -  
ne r  as exit s l i ts .  Bes ides  the fact that  this  a r -  
r angement  is  ve ry  s imple  and that the en t r ance  
s l i t  image at the exit s l i t s  is  of high optical  
quality,  the ma in  advantage of this  device is  that 
the other  end of the f iber  bundle which s e rves  as 
en t rance  s l i t  may have any des i r ed  c r o s s  s ec t ion  
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Fig. 1. Curve a: Spectrum of scattered light 1.3 #s af- 
ter ignition. Bank energy 0.33 MJoale, initial pressure 
10 uD2, electron temperature 134 +17"eV. Curve b: 
Spectrum of scattered light 1.1 #s  a.r~cer ignition. Bank 
energy 1.5 MJoule, initial pressure 10 uD2, electron 
temperature 915 +115 eV. ~ - 75 
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